Background {#Sec1}
==========

Ultraviolet light has been widely used in secure space-to-space communication, chemical sensing, environmental monitoring, and optoelectronic circuits \[[@CR1]--[@CR3]\]. For most of these applications, it is very important to precisely measure and control UV light. There are typically two types of ultraviolet photodetectors (UV-PDs), e.g., photoconductor- \[[@CR4]\] and photodiode-type \[[@CR5]\] UV-PDs. So far, many wide bandgap semiconductors, such as ZnO \[[@CR6]\], TiO~2~ \[[@CR7]\], SnO~2~ \[[@CR8]\], K~2~Nb~8~O~21~ \[[@CR9]\], and ZnS \[[@CR10], [@CR11]\], have been explored for use in photoconductor-type UV-PDs. However, this type of UV-PDs normally involves the absorption and desorption of oxygen in the air, both of which are slow processes. Besides, this type of UV photoconductors typically requires an external bias as the driving force to prevent the recombination of photogenerated electron-hole pairs, which makes them difficult to operate in harsh environment. To address these problems, self-powered photodiode-type UV-PDs have been developed. Photodiode-type UV-PDs can convert the incident light into an electrical signal output with no need of an external power supply. And these photodiodes usually possess a good spectral selection and short response time.

In addition to conventional photodetectors based on p-n junction \[[@CR12], [@CR13]\], p-i-n photodiode \[[@CR14]\], Schottky barrier \[[@CR15]\], and metal-insulator-semiconductor \[[@CR16]\] structures, recently, a new family of photoelectrochemical cell (PEC)-structured photodetectors has attracted tremendous academic interest and industrial attention due to its low-cost facile fabrication process and fast time response. Since the first report of a PEC self-powered ultraviolet photodetector (SPUV-PD) based on TiO~2~/water solid-liquid heterojunction by Lee and Hon \[[@CR17]\], SPUV-PDs have been studied based on various wide bandgap semiconductor nanostructures, such as nanocrystalline TiO~2~ films \[[@CR18]\], multilayer TiO~2~ nanorod-assembled cloth/nanorod arrays \[[@CR19]\], and TiO~2~/SnO~2~ branched heterojunction \[[@CR20]\] and ZnO nanoneedle arrays \[[@CR21]\]. Vertical ZnO arrays have been considered as one of the most promising material for SPUV-PDs because of their high electron mobility and direct conduction path. However, compared with commercial UV detectors, the efficiency of ZnO nanorod-based SPUV-PDs is still low. This poor performance can be understood considering the defects commonly presented on the ZnO surface \[[@CR22]\], which would lead to severe surface charge recombination and ultimately to a low efficiency of the ZnO nanorod-based devices. In order to further improve the performance of ZnO-based SPUV-PDs, more research work should be conducted to enhance the light-harvesting capability and reduce the carrier recombination. Forming a ZnO/ZnS heterostructure with a type-II band alignment may accelerate the charge separation, resulting in an improved photodetecting performance \[[@CR23]\].

In the present work, a ZnO/ZnS core-shell nanorod array was developed by facile chemical solution methods and a PEC-type SPUV-PD was assembled using the ZnO/ZnS array as the active photoanode. Compared with SPUV-PDs based on bare ZnO nanorod arrays, this device shows improved photoresponsivity and higher sensitivity. This improved performance can be explained by the increased light-harvesting efficiency and accelerated separation of the photogenerated carriers caused by the ZnS coating layer. Considering the simple fabrication process, outstanding UV-detecting performance, and good stability, this kind of SPUV-PDs is a promising candidate for practical UV detector applications.

Methods {#Sec2}
=======

Sample Preparation {#Sec3}
------------------

All chemicals used were analytical grade reagents without further purification. Both of the ZnO nanorods and ZnS nanoparticle shells were synthesized via facile chemical solution methods. The clean fluorine-doped tin oxide (FTO) substrates were spin-coated with 0.6 M zinc acetate in a mixed solution of ethanolamine and 2-methoxyethanol to acquire a seed layer of ZnO, followed by thermal treatment at 350 °C for 15 min. The seeded substrates were placed in a glass bottle with aqueous growth solution, which contain 20 mM zinc nitrate and 20 mM hexamethylenetetramine, and kept at 90 °C for 12 h. The growth process was repeated twice to obtain a desirable length of the ZnO nanorods. Subsequently, the substrates were taken out and rinsed with deionized water thoroughly and then annealed in air at 450 °C for 1 h to improve crystallinity and remove impurities. ZnS nanoparticle shells were prepared by a successive ionic layer adsorption and reaction (SILAR) method. In a typical SILAR cycle, a substrate pre-grown with ZnO nanorod arrays was dipped alternately into 0.1 M zinc nitrate aqueous solution for 1 min, rinsed with deionized water, then dipped into 0.1 M Na~2~S aqueous solution for another 1 min, and rinsed again with deionized water. This process was repeated for 2, 7, 10, and 15 cycles to achieve different thickness of ZnS nanoparticles.

Device Assembling {#Sec4}
-----------------

The SPUV-PD was assembled in the same structure of a dye-sensitized solar cell as described in the previous paper \[[@CR21]\]. In brief, the as-prepared ZnO or ZnO/ZnS nanorod array substrates were used as the active photoanode. The counter electrode was prepared by coating FTO glass with a thin layer of 8 mM H~2~PtCl~4~ ethanol solution, followed by heating at 400 °C for 20 min. The two electrodes were then sealed face to face with a 60-μm-thick sealing material. The internal space was filled with deionized water. The active area of the SPUV-PD was about 0.1 cm^2^.

Characterization {#Sec5}
----------------

X-ray diffraction (XRD; XD-3, PG Instruments Ltd., Beijing, China) was employed to identify the crystal structure of the samples. The morphologies of the samples were characterized by field-emission scanning electron microscopy (FESEM; Hitachi S-4800, Hitachi, Ltd., Chiyoda, Tokyo, Japan). The elemental composition of the samples was investigated using an energy-dispersive X-ray (EDX) spectrometer equipped on the FESEM. The absorption spectra were recorded on a UV-visible spectrophotometer (TU-1900, PG Instruments, Ltd., Beijing, China). The spectral responsivity characteristics and the typical current density-voltage (*J*-*V*) characteristics of the SPUV-PD based on ZnO or ZnO/ZnS nanorod arrays in the dark and under illumination were recorded using a programmable sourcemeter (2400, Keithley Instruments Inc., Cleveland, OH, USA). A 500-W xenon lamp (7ILX500, 7Star Optical Instruments Co., Beijing, China) equipped with a monochromator (7ISW30, 7Star Optical Instruments Co.) was used as the light source. For the time response measurement, a UV LED (NCSU033B (T), Nichia Co., Japan) with a wavelength of 365 nm was used as the light source and the photocurrent was measured using an electrochemical workstation (RST5200, Zhengzhou Shirusi Instrument Technology Co. Ltd, Zhengzhou, China).

Results and Discussion {#Sec6}
======================

The morphologies of the nanorod samples were examined by FESEM. Typical top and cross-section view FESEM images of ZnO nanorod arrays are displayed in Fig. [1a](#Fig1){ref-type="fig"}, [b](#Fig1){ref-type="fig"}, which clearly show that the hexagonal ZnO nanorod arrays are grown vertically on the FTO glass. The diameter of hexagonal ZnO nanorods is approximately 100--200 nm. This nanorod array presents an easily accessed open structure for ZnS deposition. As shown in the cross-sectional view image, the ZnO nanorods on the FTO glass substrate have a length of about 4--5 μm. After coating ZnS with seven SILAR cycles, the surface of ZnO nanorod arrays was covered with nanoparticles. The magnified SEM image as an inset in Fig. [1c](#Fig1){ref-type="fig"} clearly reveals that ZnS nanoparticles were uniformly deposited on the surface of ZnO nanorod and form a thin shell resulting in a rough surface. This rough surface can be beneficial to light scattering. The crystal structure of ZnO and ZnO/ZnS core-shell nanorod arrays was identified by XRD, and all the results are shown in Fig. [1d](#Fig1){ref-type="fig"}. From the XRD data, it can be clearly seen that besides the SnO~2~ peaks from the FTO substrate, all other diffraction peaks could be attributed to the hexagonal wurtzite crystal structure of ZnO (JCPDS 36-1451). It is noteworthy that the (002) diffraction peak of ZnO was very high, which indicates that the ZnO nanorods are highly oriented along the *c*-axis direction with the growth axis perpendicular to the substrate surface. No diffraction peaks from ZnS can be observed because of its small particle size and poor crystalline quality. The elemental composition of the ZnO/ZnS core-shell nanorod arrays was further investigated using an EDX spectrometer. As shown in Fig. [1e](#Fig1){ref-type="fig"}, the Zn, O, and S peaks are from the core-shell nanorod arrays and the Sn peaks are from the FTO substrate. This result confirms the successful deposition of ZnS nanoparticle shell on the ZnO nanorod arrays.Fig. 1FESEM images and XRD patterns of ZnO and ZnO/ZnS core-shell nanorod arrays. **a** Top view FESEM image of ZnO nanorod array. Inset: high-magnification FESEM image of the ZnO nanorod. **b** Cross-sectional view of ZnO nanorod array. **c** Top view FESEM image of ZnO/ZnS core-shell nanorod array with seven SILAR cycles. Inset: high-magnification FESEM image of the ZnO/ZnS core-shell nanorod. **d** XRD patterns of ZnO nanorod arrays (*black line*) and ZnO/ZnS core-shell nanorod arrays (*red line*) grown on the FTO glass with seven SILAR cycles. **e** EDX data collected from the ZnO/ZnS core-shell nanorod arrays

Figure [2](#Fig2){ref-type="fig"} shows the UV-visible transmission spectra of FTO glass, ZnO/FTO glass, and ZnS/ZnO/FTO glass photoanodes. The FTO glass shows an average transmittance of 80 % within the visible light region and a sharp absorption edge at about 310 nm. Compared with the bare FTO glass, the ZnO/FTO and ZnS/ZnO/FTO photoanodes show low transmittance (20 to 50 %) in the wavelength of the visible light region, which comes from the strong light scattering by the nanorod arrays. Moreover, the transmittance intensity in the visible range decreases with the increase of SILAR cycles. This can be attributed to the increased scattering effect induced by the rough ZnS shell. This enhanced light scattering will improve the light harvesting and results in a higher efficiency of the assembled photodetector. An obvious sharp absorption edge appears at about 385 nm, which can be attributed to the bandgap of wurtzite ZnO nanorod arrays. Taking both the transmission spectrum of the nanorod arrays and the FTO glass into consideration, we can achieve the conclusion that light with a wavelength between 310 and 385 nm can be effectively absorbed by these ZnO/FTO and ZnS/ZnO/FTO glass photoanodes and contribute to the photoresponse, which is very suitable for detecting UV-A (320--400 nm) light. This deduction will be further confirmed by the following photoresponsivity spectrum.Fig. 2The UV-visible transmission spectrum of FTO glass, ZnO/FTO glass, and ZnO/ZnS/FTO glass with different ZnS SILAR cycles

Typical current density-voltage (*J*-*V*) curves of the self-powered photodetectors measured under dark and 365-nm light illumination are shown in Fig. [3](#Fig3){ref-type="fig"}. The dark *J-V* curve shows a forward turn-on voltage of about 0.4 V, which demonstrates a diode behavior with significant rectification characteristics. Under the illumination of 0.0812 mW/cm^2^ UV light (*λ* = 365 nm), the ZnO/ZnS (with seven SILAR cycles) core-shell nanorod array-based SPUV-PD shows a much better photovoltaic performance compared with that based on bare ZnO nanorods, yielding an open-circuit voltage of 0.41 V and a short-circuit current density of 3.54 μA/cm^2^, while the ZnO nanorod-based photodetector only has a short-circuit current density of 1.37 μA/cm^2^. This remarkable increase should be attributed to the deposition of the ZnS nanoparticles on the ZnO nanorods. The inherent built-in potential arises from the ZnO/ZnS-water interface, acts as a driving force to separate the photogenerated electron-hole pairs, and increases the photocurrent. Therefore, this device can operate at photovoltaic mode without any external bias.Fig. 3Current density-voltage curves of UV photodetectors based on bare ZnO and ZnO/ZnS core-shell nanorod arrays with seven ZnS SILAR cycles measured under dark and under 365-nm light illumination

The spectral photoresponsivity results of SPUV-PD based on the bare ZnO nanorods and the ZnO/ZnS core-shell nanorod arrays with different ZnS SILAR cycles at 0-V bias are displayed in Fig. [4](#Fig4){ref-type="fig"}. The incident light wavelength ranges from 280 to 550 nm. The maximum photoresponsivity is only 0.02 A/W for the SPUV-PD based on bare ZnO nanorods. After coating ZnS with two SILAR cycles, the photoresponsivity is more than 0.03 A/W in the wavelength region from 320 to 390 nm. These results suggest that the ZnO/ZnS core-shell nanorod array is benefited to improve the photoresponsivity of SPUV-PDs. The best photoresponsivity of 0.056 A/W is obtained for the sample with ZnS seven SILAR cycles at 340 nm. It is noteworthy that the photoresponsivity is more than 0.04 A/W in the range of 320 to 400 nm. When ZnS SILAR cycles further increased, more ZnS nanoparticles are deposited onto the ZnO nanorods, and the photoresponsivity of ZnO/ZnS array UV photodetectors decreased. This demonstrates that a thick ZnS nanoparticle layer may hinder the hole transport and enhance the recombination reaction of the photon-generated carrier. In addition to the high sensitivity, the photodetector also exhibits an excellent wavelength selectivity in the spectral range between 310 and 400 nm, which is suitable for the UV-A range. The responsivity drops fast to nearly zero on the short-wavelength side because of the absorption edge of the FTO glass, the photoresponsivity also decreases rapidly as the wavelength is longer than 450 nm because of the low absorption for photons with energies smaller than the bandgap of ZnO. It should be noted that a weak photoresponse appears above the cutoff response wavelength of ZnO up to 500 nm. This phenomenon is caused by the slight light absorption of the defects in ZnS nano-sized particles and can be reduced by improving the crystalline quality of ZnS.Fig. 4Spectral responsivity characteristics of UV photodetectors based on ZnO nanorods and ZnO/ZnS core-shell nanorod arrays with different SILAR cycles under 0-V bias

Real-time photocurrent response is a key parameter for a photodetector. The photocurrent time response of the self-powered UV detectors was recorded at a zero bias under on/off switching radiation of 365-nm UV light with an on/off interval of 10 s. As shown in Fig. [5a](#Fig5){ref-type="fig"}, the photocurrent was observed to be consistent and repeatable with no degenerate effect during six repeat cycles. A fast photoresponse can be seen clearly by the enlarged rising and decaying edges of the photocurrent response shown in Fig. [5b](#Fig5){ref-type="fig"}--[e](#Fig5){ref-type="fig"}. Both the decaying and rising times (defined as the time required for the photocurrent to increase from minimum to 90 % and drop from maximum to 10 % of the maximum photocurrent) of the ZnO nanorod array-based photodetector are less than 0.02 s, while the ZnO/ZnS core-shell array-based photodetector exhibits a longer response time of about 0.04 s. As the ZnS is deposited at room temperature, many defects may form in the ZnS particles. These defects can trap charges and slow the response time.Fig. 5The real-time photocurrent response of the ZnO/ZnS core-shell nanorod array-based UV photodetector with seven SILAR cycles. **a** Photocurrent response under on/off UV light radiation with the illumination wavelength of 365 nm. **b** Enlarged rising and **c** decaying edges of the photocurrent response under 365-nm UV light illumination. **d** Enlarged rising and **e** decaying edges of the ZnO nanorod array-based photodetectors

The self-powered photodetector based on the ZnO/ZnS core-shell nanorod array photoanode shows an improved photoresponsivity compared with that based on bare ZnO nanorod arrays. Although the reason for this remarkable improvement is not quite clear, we propose that it may be explained by the following two aspects: (i) ZnS nanoparticles coated on a ZnO nanorod array structure may increase the UV light scattering, resulting in an enhancement of the photon-harvesting efficiency. (ii) The band energy alignment of the ZnO/ZnS core-shell nanorod array is favorable to the spatial separation of the photogenerated carriers and the charge transfer. The values of the lower edge of the conduction band for ZnS and ZnO were around −3.46 and −4.19 eV, respectively, whereas the values of the upper edge of the valence band were around −7.06 and −7.39 eV, respectively \[[@CR24]\]. Taking both bandgaps of ZnO and ZnS into consideration, a type-II band edge structure at the ZnO/ZnS interface as shown in Fig. [6](#Fig6){ref-type="fig"} could be formed. As a result, when both the ZnO and ZnS are photoexcited under UV light illumination, the electrons will move to the ZnO side and holes will move to the ZnS side due to the staggered bandgap alignment, facilitating the formation of a charge transfer state and the spatial separation of the photogenerated carriers within the ZnO/ZnS nanorod arrays. The spatial separation of the photogenerated carriers can decrease the recombination of the electron-hole pairs and therefore significantly increase the photocurrent and photoresponsivity of the ZnO/ZnS core-shell nanorod array-based SPUV-PD \[[@CR25]\].Fig. 6Schematic energy band diagram of ZnO/ZnS core-shell nanorod arrays and the charge-transfer processes

Our results indicate that ZnO/ZnS core-shell nanorod arrays can be used as an active photoanode for high-performance photoelectrochemical cell-type self-powered ultraviolet photodetectors, whereas the liquid electrolyte in devices may result in some practical limitations of sealing and long-term stability. Therefore, solid-state electrolytes should be developed for this structure of SPUV-PD to realize its commercial application.

Conclusions {#Sec7}
===========

In summary, vertical ZnO nanorod arrays were uniformly grown on FTO glass by a hydrothermal method. ZnS nanoparticle shells were deposited onto ZnO nanorods by a SILAR method. A self-powered, low-cost, photoelectrochemical cell-structured UV light photodetector was assembled using the ZnO/ZnS core-shell nanorod arrays as the photoanode. The experimental results show that, compared with a detector based on bare ZnO nanorod arrays, the ZnO/ZnS photoanode demonstrates a slightly slower response time but a much higher photosensitivity. The higher efficiency of the ZnO/ZnS core-shell nanostructures can be attributed to the synergistic effect of greatly enhanced light harvesting, reduced charge recombination, and accelerated charge transfer. All these results indicate the great potential of the ZnS/ZnO nanorod array-based SPUV-PD for high-sensitivity and high-speed UV light detecting.
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